ABSTRACT: A procedure is presented that allows monitoring of the dynamic regime of pelagic ecosystems in the North Atlantic Ocean. It uses a diversity index (mean number of species per continuous plankton recorder [CPR] sample) and species assemblage indicators calculated from all calanoid copepods (108 species) identified by the CPR survey since 1958. In any region of the North Atlantic covered by the CPR survey, the procedure calculates the values of these ecosystem indicators using a constant number of samples, selected randomly, and checks any bias associated with the spatial and temporal heterogeneity of the sampling. The procedure is described and illustrated in this study using CPR data in the central North Sea. The usefulness of this tool is demonstrated by a study of the sensitivity of the indicators to the number of CPR samples employed in the estimation of monthly or annual means. Firstly, it is shown that on an annual scale the procedure improves the quality of estimations. However, when long-term changes of a plankton indicator are examined for a particular month, it is crucial to use an appropriate number of CPR samples to detect a significant link between the biological and hydro-climatic environment. Secondly, the importance of using species assemblage indicators is demonstrated. They allowed the detection and the ecological interpretation of both episodic events and the regime shift in the central North Sea. It is shown that the regime shift in the North Sea had a strong impact on plankton community structure and was marked by an increase in diversity related to a progressive increase in warm-water species and a decrease in cold-water species. This study also has important implications for researchers using the CPR data. It demonstrates the robustness of the CPR data, but on the other hand also shows that the spatial and temporal heterogeneity should be assessed with care before interpreting the long-term changes of a CPR-derived plankton indicator.
INTRODUCTION
The biodiversity of marine ecosystems is being altered by many human-induced factors, including overexploitation of marine resources (e.g. Omori et al. 1994 , Lindeboom 1995 , Botsford et al. 1997 , Jennings & Kaiser 1998 , chemical pollution and physical alterations (Norse 1993) , eutrophication (North Sea Task Force 1993) , invasion of exotic species (Carlton & Geller 1993 , Steneck 1998 and global warming (Hughes 2000 , Beaugrand et al. 2002a . With this multitude of direct and indirect anthropogenic influences, in addition to the confounding effects of the natural variability of the marine environment related to hydro-climatic forcing (e.g. , Beaugrand et al. 2000a , managing marine ecosystems and achieving sustainable exploitation represents a real challenge. To detect, understand and anticipate modifications in pelagic ecosystems induced by global change, a large-scale monitoring system is needed.
The continuous plankton recorder (CPR) survey is the largest plankton monitoring programme in the world. To date, ca. 180000 CPR samples have been collected. It has been used to answer many ecological questions, ranging from biogeography to issues related to climate change. However, the problem of representativeness of CPR samples has been rarely addressed or taken into consideration in analyses (however, see Hays et al. 1993 , Beaugrand et al. 2000b , Beaugrand & Edwards 2001 . Many studies have used the standard CPR areas (see Colebrook 1984, his Fig. 1) . Although used effectively in past studies, the use of the standard CPR areas has a number of drawbacks. As the size of the standard areas is fixed, the system cannot deal with specific areas of concern. But more importantly, both the temporal and spatial heterogeneity of sampling within an area is not consistent.
This study presents a new way of monitoring the dynamic regime (or state equilibrium, as defined by Scheffer et al. 2001) of North Atlantic pelagic ecosystems, with particular emphasis on its utility to evaluate climate change-induced modifications in marine plankton ecosystems based on data from the CPR survey. The procedure can be used in any region of the North Atlantic covered by the CPR survey, but is evaluated in the present study in the North Sea, the region most monitored by the CPR survey. The method presented uses the following: (1) A numerical procedure called Copepod Indicator Monitoring Toolbox System (CIMOTS). This programme allows the examination of long-term changes of ecosystem indicators (i.e. calanoid copepod species assemblages and a diversity index) in any region of the North Atlantic Ocean covered by the CPR survey. It is based on a new way to construct time series from the CPR survey to produce time series minimising the effect of the spatial and temporal heterogeneity of the CPR sampling.
(2) An ecosystem approach (Frontier & Pichot-Viale 1993) , which considers the community structure of calanoid copepods. The procedure utilises a new type of ecosystem indicators, based on species assemblages (Beaugrand et al. 2002b) , recently used by Beaugrand et al. (2002a) , and a diversity index (i.e. the mean number of calanoid copepod species per CPR sample).
The necessity and usefulness of this procedure is demonstrated studying the sensitivity of the ecosystem indicators to the number of CPR samples in the North Sea. The method evaluates the influence of the spatial and temporal fluctuations in the CPR sampling on measures of calanoid copepod assemblage and calanoid copepod diversity (as the mean number of species per CPR sample, see Beaugrand et al. 2002a,b) . Examples from the central North Sea are then given to show the interest of the procedure to monitor responses of pelagic ecosystems to hydro-meteorological forcing.
MATERIALS AND METHODS
Plankton and physical data. Biological data used in this study have been collected by the continuous plankton recorder (CPR) survey. This programme has monitored the presence or abundance of more than 400 plankton species, taxa, or groups on a monthly basis over the North Atlantic since 1946 (Warner & Hays 1994) . Samples are collected by a high-speed plankton recorder towed behind ships of opportunity at a standard depth of approximately 6.5 m (Hays 1994) . Inside the sampler, plankton is retained by a continuously moving band of silk with an average mesh size of 270 µm. Then, a second band of silk covers the organisms to form a sandwich that is reeled into a tank containing 4% formaldehyde. On return to the laboratory, the silk is unwound and cut into sections corresponding to 18.5 km of tow. Each section of silk is a CPR sample and corresponds to about 3 m 3 of filtered seawater (Hays 1994) . Alternate samples are analysed under a microscope and the organisms are identified and counted (Warner & Hays 1994) . For counting zooplankton, a category system, close to a logarithmic scale of abundance, is used to reduce analysis time (Warner & Hays 1994) . More detailed information about the CPR survey can be found in Colebrook (1960 Colebrook ( , 1975 , and Warner & Hays (1994) . Data for the period 1958 to 1999, corresponding to ca. 170 000 samples, were considered in this study.
ICES temperature data in the central North Sea (period 1958 to 1999) were provided by Keith Brander (ICES, Copenhagen).
Use of species assemblages as ecosystem indicators. Beaugrand et al. (2002b) have recently divided the diversity of calanoid copepod (108 species or taxa), one of the best taxonomic groups sampled by the CPR survey, into species assemblages. This classification was based on the whole of regions of the North Atlantic covered by the CPR survey. This separation was done utilising geostatistics and multivariate analyses, in combination with the method of 'indicator values' designed by Dufrêne & Legendre (1997) . At the scale of the North Atlantic basin and at a resolution allowing the detection of spatial features of ca. 200 km (mesoscale) resolution, 9 calanoid copepod assemblages were identified. Three criteria were used: (1) spatial distribution of species, (2) similarity in the seasonal variability of species and (3) their diel variations. The 9 calanoid copepod species assemblages were closely related to a stable-biotope component (i.e. a component geographically stable, such as topography; van der Spoel 1994) or a substrate-biotope component (i.e. a component depending on the water mass, such as oceanic current; van der Spoel 1994). Following Beaugrand et al. (2002a) , it is proposed to use the mean number of species per CPR sample belonging to each species assemblage as an ecosystem indicator to monitor modifications in the structural organisation of North Atlantic plankton ecosystems. A description of the 7 species assemblages that are likely to be found in the North Sea is given in Table 1 . The warm-temperate pseudo-oceanic species assemblage (A1) and coastal species assemblage (A3) will not be examined in this paper because they are not usually present in the region investigated in this study (central part of the North Sea).
Description of the 'Copepod Indicator Monitoring Toolbox System' (CIMOTS). CIMOTS uses the ecosystem indicators proposed by Beaugrand et al. (2002a) . The programme utilises data collected by the CPR survey and therefore encompasses an area corresponding to the North Atlantic Ocean and its adjacent seas. It gives the long-term changes of all calanoid copepod species assemblages and the total number of calanoids per CPR sample (as a measure of total diversity index), ensuring that their long-term changes are not influenced by the spatial and temporal heterogeneity of the CPR sampling. Inside a spatial domain defined by the user, the procedure generates time series of both the mean number of species for each calanoid assemblage (see Table 1 ) and the mean number of calanoid copepod species per CPR sample (as a measure of total diversity). Each period of the time series is based on the same number of CPR samples, selected randomly among a pool of CPR samples. When, for a given period, the number of CPR samples available to calculate the ecosystem indicators is less than a userdefined threshold, no estimate is calculated and a missing datapoint is generated. In an area where the number of CPR samples is sufficiently high, this procedure allows the building of time series for each year (Option 1), each month or 2 mo period (Option 2) and for daylight/dark period (to adjust for the diel vertical migration of calanoid copepods) from 1958 to 1999. The numerical procedure comprises 3 steps ( Fig. 1) :
Step 1: The number of CPR samples available for each year, 2 mo periods and for both daylight and dark periods is examined (Fig. 1a , Option 2) within an area selected by 4 latitude and longitude coordinates (Fig. 1b, here the central North Sea). A complementary plot of the percentage of missing data in the time series as a function of the number of selected CPR samples is then produced (Fig. 1c) . This diagram allows the selection of the number of samples used to produce the average value of all ecosystem indicators for each time period. The more samples used to calculate the mean value of the ecosystem indicators for each time period, the more missing data there are in the time series (see the horizontal dashed line in Fig.1a) . Thus, there is a trade-off between the quality of the estimate and the number of missing data in the time series. This changes as a function of the selected spatial domain and should always be evaluated to optimise the quality of the estimate. The number of samples to be used is fixed by examination of Fig. 1a 1958 1962 1966 1970 1974 1978 1982 1986 1990 1994 1998 4 1958 1960 1962 1964 1966 1968 1970 1972 1974 1976 1978 1980 1982 1984 1986 1988 1990 1992 1994 1996 8 1958 1961 1964 1967 1970 1973 1976 1979 1982 1985 1988 1991 1994 1997 
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Step 1: Examination of the number of continuous plankton recorder (CPR) samples (see a) within a selected area (geographical box in b) and production of a plot of missing data in the time series as a function of selected CPR samples (c)
Step 2 Step 3: Long-term changes in the average location of the CPR sampling in the selected area (e) are checked. When significantly correlated with ecosystem indicators (see d), the procedure is restarted using a more restricted region
Step 2: The programme builds the time series by randomly selecting the specified number of CPR samples for each time interval in the selected spatial domain. If there is not enough data within a given time period (i.e. 1974 for January-February during daylight), a missing data point is generated. Then, the annual mean of all ecosystem indicators (species assemblages and total diversity) can be calculated. If the number of missing data for a given year is too high (e.g. estimates are missing for several months), no annual mean is displayed. Again, a trade-off exists between the number of missing data and the quality of the annual estimation. The threshold is fixed by trial and error. Fig. 1d presents an example of output produced by the procedure CIMOTS. The example shows the long-term changes in the mean number of both temperate pseudooceanic (i.e. species that occur in both oceanic and neritic waters but have their main centre of distribution above the shelf-edge) species and subarctic species. These 2 species assemblages are significantly negatively correlated (r = -0.59, p < 0.05, n = 42) in the selected region (central North Sea).
Step 3: This stage checks the average spatial location of the sampling in the area. If the area selected is too large or/and located near a biogeographical boundary, a trend in the abundance of one species or diversity may sometimes be explained by a change in the average sampling location (latitude or longitude) as the CPR survey used commercial routes. To verify this point ( Fig. 1e) , correlations are calculated between the times series of mean (annual or monthly mean) latitude, longitude and the mean values (annual or monthly mean) of the ecosystem indicators. If a significant link is detected, the procedure is restarted using a more restricted region. No significant correlation was found between the ecosystem indicators ( Fig. 1d ) and either the mean latitude and longitude of sampling (Fig. 1e) . The selection of the spatial domain is not easy. It should be, as far as possible, the smallest possible, because in too big an area the species composition might change. At this stage, knowledge of the biogeography of the species assemblages is needed (e.g. Beaugrand et al. 2002b) . A trade-off also exists between the size of the selected area and the number of samples. In the North Sea, the high number of CPR samples nearly guarantees a good compromise, but in certain areas of the North Atlantic Ocean, poorly covered by the CPR survey (e.g. oceanic areas south of 50°N to the west of 20°W), it might become more difficult to obtain a good estimation in ecologically homogeneous areas.
Sensitivity of the indicators to the number of CPR samples used in the procedure. To test the sensitivity of the ecosystem indicators to the number of CPR samples, the central North Sea (54°N, 58°N, 0°E, 10°E, Fig. 1b ) was selected because of its high number of CPR samples (22 417 samples) and the welldocumented long-term changes in plankton composition and abundance , Reid & Hunt 1998 , Edwards et al. 1999 , Heath et al. 1999 ). The temperate pseudo-oceanic species assemblage (Table 1) was used, as it is relatively well represented in the central North Sea.
Long-term monthly time series of the mean number of temperate pseudo-oceanic species per CPR sample (period 1958 to 1999) were built based on an increasing number of samples (from 1 to 10 samples for each time period, thus, a total of 10 time series). For each level of CPR samples, samples were selected randomly among a pool of samples for each time period. To examine the variability of each estimate, the procedure was repeated twenty times (referred hereafter in the text as simulation) from 1 to 10 CPR samples, giving a total of 10 different numbers of CPR samples × 20 simulations = 200 long-term monthly time series. The resulting 4D matrix (42 yr × 12 mo × 1 to 10 CPR samples × 20 simulations) is displayed in Fig. 2 .
Ideally, the mean number of warm-temperate pseudooceanic species per CPR sample based on 1 sample should be highly correlated (positively) with the mean number of warm-temperate species per CPR sample based on 10 CPR samples. Furthermore, the mean number of warm-temperate pseudo-oceanic species per CPR sample should be highly correlated (positively) from 1 simulation to another. So, one should expect to have coefficients of correlation of 1 between estimations, a coefficient of determination of 100% and a probability of 0 if sampling by the CPR survey is perfect. The failure to totally meet those conditions can be considered as a measure of the imperfection of the CPR sampling.
Analysis 1: Correlations between the assessment of the mean number of temperate pseudo-oceanic species based on an increasing amount of CPR samples (from 1 to 9 samples) and that number based on 10 samples (considered as a reference estimate) were examined. The reference value of 10 CPR samples was selected on the basis of results from a previous study (Beaugrand & Edwards 2001) . Beaugrand & Edwards (2001, their Fig. 6A) showed that the species richness as assessed from 10 CPR samples was highly correlated with the (extrapolated) true species richness from all months in all parts of the North Atlantic Ocean. Furthermore, values superior to 10 would have increased steeply the number of missing data (see Fig. 1c ).
Correlations were calculated considering the annual mean (average of all months) and for each month for the period 1958 to 1999. Correlation analysis was performed for each of the 20 simulations and then the average of the coefficients of correlation (determina-tion and probability) was calculated. Coefficients of both correlation and determination, as well as the probability of the correlation, were examined to evaluate the accuracy of the CPR sampling and to see how to improve the quality of the assessments.
Analysis 2: In the first analysis, correlations should be interpreted with care, as data are not completely independent (i.e. a sample used to assess the value of the ecosystem indicator based on 1 CPR sample can also be used to assess the value of the ecosystem indicator based on 10 CPR). This limitation is stronger when the number of samples on which the mean number of species is based increases. If it is assumed that CPR samples are equally distributed along the time series (which is not the case, as shown by Fig. 1a) , as there are 22 417 for 504 time periods (12 mo × 42 yr), there are ca. 45 CPR samples available for each month. To overcome the limitation of the first analysis, correlations between monthly/annual values of the temperate pseudo-oceanic species assemblage based on an increasing number of CPR samples (from 1 to 10 CPR samples) and monthly/annual sea surface temperature were also examined. Twenty simulations were also performed for each number of CPR samples. It was assumed that, on average, a linear relationship between the mean number of temperate pseudo-oceanic species and sea surface temperature exists. This has been recently shown for the same species assemblage in the North Sea by Beaugrand et al. (2002a) and for 2 of the 3 species that compose this species assemblage by Lindley & Reid (2002) . In that analysis, if sampling by the CPR was perfect, the correlation and probability should be identical when the assessment is performed from 1 to 10 CPR samples and whatever the simulation. The failure to meet those conditions can be considered as a measure of the accuracy of the CPR sampling.
For all correlation coefficients, the Box & Jenkins (1976) autocorrelation function, modified by Chatfield (1996) , was used to estimate the autocorrelation of all time series. When time series were significantly autocorrelated, the correction of the probability was applied utilising the Chelton (1984) formula as recommended by Pyper & Peterman (1998) . Fig. 3 shows that the correlation between the mean annual number of temperate pseudo-oceanic species with monthly estimates based on 1 CPR sample and the reference estimate (monthly estimations based on 10 CPR samples), was high. The mean Pearson correlation coefficient of the 20 simulations was r m = 0.8 and the mean probability p m was less than 0.0001. When the monthly estimate was based on one CPR sample, 64% of the variation of the mean annual number of Fig. 2 . Sensitivity of estimators to the number of continuous plankton recorder (CPR) samples used to calculate the average value of ecosystem indicators. Time series of the mean number of temperate pseudo-oceanic species were built for each month and using from 1 to 10 CPR samples. The procedure was repeated 20 times in each case to estimate variability temperate pseudo-oceanic species (reference value, monthly estimates based on 10 CPR samples) was explained. When the monthly estimate was based on 5 CPR samples, 88% of the variability of this ecosystem indicator (reference value, monthly estimations based on 10 CPR samples) was explained. This represents a subtantial increase of 24%. A similar analysis was also performed for each month. For example, in March, correlation between the mean number of temperate pseudo-oceanic species based on 1 CPR sample and the reference estimate (10 CPR samples) was weak and not statistically significant on average (Fig. 3) . The mean Pearson correlation coefficient of the 20 simulations was r m = 0.35 and the mean probability was p m = 0.11. When the assessment was based on >1 CPR, correlation became significant for that month. Table 2 presents detailed analyses performed for every month based on 1 and 5 CPR samples. Significant relationships between estimations based on 1 CPR sample and the reference estimates (based on 10 CPR samples) existed for 9 mo (on average for the 20 simulations). However, values of the standard deviation indicate that the relationship was high for only 3 mo (August to October). On average, the value for the mean coefficient of determination was weak (between 12.17 and 28.53%), explaining only a small percentage of the variability of the ecosystem indicator based on 10 CPR samples (between 19.06 and 39.70%). Based on 5 CPR samples, all relationships became highly significant and explained, on average, between 40.3 and 61.6% of the total variability.
RESULTS

Analysis 1
Analysis 2
The analysis above is limited by the fact that the more estimates are based on a large number of CPR samples, the less independent the observations are. For example, estimation based on 8 CPR samples has a greater probability to have a common CPR sample with the reference estimation (based on 10 CPR values) than estimation based on only 1 CPR sample. Therefore, an empirical analysis was performed based on the relationship between temperate pseudooceanic species and sea surface temperature. Fig. 4a shows that a correlation was detected between the 75 Table 2 . Relationships between the mean number of temperate pseudo-oceanic species based on 1 and 5 continuous plankton recorder (CPR) samples and the mean number of temperate pseudo-oceanic species based on 10 CPR samples (reference value) from January to December (period 1958 to 1999 annual mean number of temperate pseudo-oceanic species with monthly estimates based on 1 CPR sample and annual SST (r m = 0.57, p m < 0.005). The coefficient of determination did not change much when CPR samples were added (from 32.1% for 1, to 49.7% for 10 CPR samples). On a monthly scale, results were different. For example in May (Fig. 4b) , when less than 5 CPR samples were used, on average no significant correlations between the mean number of temperate pseudooceanic species and sea surface temperature were detected. From 5 samples, relationships between the number of temperate pseudo-oceanic species and SST were significant. Standard deviation of both the mean correlation and probability diminished when samples were pooled. In September (Fig. 4c) , based on 1 sample, on average no significant correlation between the number of temperate pseudo-oceanic species and SST was detected. From 2 samples, correlations became significant. Here also, the standard deviation of both mean correlation and probability highly decreased with the number of pooled samples. The coefficient of determination increased from 9.3%, on average, for 1, to 31.2% for 10 CPR samples. In January, no correlation was detected, whatever the number of pooled samples (Fig. 4d) . This result simply indicates the absence of correlation between these 2 variables for that month. Table 3 summarises the results of the correlations calculated between monthly sea surface temperature and the monthly number of temperate pseudo-oceanic species based on 1 and 10 CPR samples. This analysis shows that even though a large number of significant correlations are detected (6 are on average less than or equal to a probability of 0.05) when only one sample is used, the standard deviation of the correlation, the probability, and the mean coefficient of determination all indicate strong noise in the data. When 10 samples are pooled, these same parameters show a deep reduction in the noise of the time series. Fig. 5 indicates that the mean correlation for each month with a significant correlation levelled off at ca. 7 CPR samples. When only 1 CPR sample was used, on average ca. 20% of the variability of sea surface temperature that is explained by the mean number of pseudo-oceanic species when 10 samples were used was assessed. When 5 samples were used, more than 80% of the variability of sea surface temperature (explained by the mean number of temperate pseudo-oceanic species when 10 samples were used) was estimated. Long-term changes in calanoid copepod community structure in the central North Sea Fig. 6 shows long-term changes in both total diversity of calanoid copepods and species assemblage indicators and sea surface temperature in the central North Sea. Long-term changes in the mean number of temperate pseudo-oceanic species, shelf-sea species, cold-temperate mixed water species, and the total number of calanoid copepods were similar overall. These species assemblages, as well as the total diversity of calanoids, were related negatively to the mean number of subarctic species. When the mean number of subarctic species was, high the mean number of all other species was low, decreasing therefore the total number of calanoid copepod species. Table 4 summarises the relationships (correlation in the lower triangular part of the table and probability after correction to account for temporal autocorrelation in the upper triangular part) between each biological indicator and sea temperature in the central North Sea. Temperature covaries positively with the total diversity of calanoid copepods and the mean number of temperate pseudo-oceanic species. Temperature covaries negatively with the mean number of subarctic species. Fig. 6 clearly identifies the impact of both the cold (ca. 1978 to 1982) and warm episodic events (1989 to 1991) described by Edwards et al. (2001) and . During the cold episodic event, Fig. 6 reveals that there was a decrease in the total number of calanoid copepods related to a decrease in all species assemblages, with the exception of the mean number of subarctic species. During the warm episodic event, there was an increase in the total number of calanoids related to an increase in the mean number of all species assemblages, with the exception of the shelf-sea species assemblage. Fig. 6 also shows the consequences of the regime shift (i.e. stepwise change in the dynamic regime of the North Sea ecosystems) revealed by Reid et al. (2001) in the central North Sea. However, the date of change is detected earlier than 1988 (date proposed by Reid et al. 2001 ), according to the total number of calanoid copepods, cold-temperate mixed water species and shelf-sea species.
77 Table 3 . Relationships between the mean number of temperate pseudo-oceanic species based on 1 and 10 continuous plankton recorder (CPR) samples and monthly sea surface temperature from January to December (period 1958 to 1999) Pooled CPR samples Mean Pearson correlation coeffcient Variability of SST explained (%) Fig. 5 . Correlation between the mean number of temperate pseudo-oceanic species based on an increasing number of continuous plankton recorder samples (from 1 to 10) and sea surface temperature (SST) for all significant months ( d 3 3 d; see Table 3 , April to September and November). The percentage of variability of SST explained by the mean number of pseudo-oceanic species, when between 1 and 10 samples were used, is also indicated (d 3 3 d). This was calculated by dividing each mean correlation, based on 1 to 10 samples, by the mean correlation when 10 samples were used and multiplying by 100. The last value is therefore equal to 100%. For example, the correlation between the mean number of temperate pseudo-oceanic species based on 1 CPR sample and SST only reaches ca. 55% of the value of the correlation between both variables when 10 samples are used
DISCUSSION
Sensitivity of ecosystem indicators to sampling size
The problem of representativeness of CPR samples has been rarely addressed or taken into consideration. The presented procedure overcomes this problem by randomly selecting a constant number of CPR samples (see Fig. 1 ). Even if the number of CPR samples in an area remained constant, the use of ships of opportunity by the CPR survey means that inside a geographical box, the spatial distribution of samples varies through time. A biological variable such as diversity can be sensitive to small changes in the mean sampling position. Thus, a biological trend may be a consequence of the sampling trend. The present procedure allows possible links between the long-term changes in both the mean spatial location (latitude and longitude) and the ecosystem indicators to be detected.
Results have shown that it is crucial to control the temporal sampling heterogeneity of the CPR survey and justify the numerical procedure used in this study to build time series. When annual means are used, results show that even the use of a small number of CPR samples (1 mo -1 , thus 12 yr -1 ) gives satisfactory results (see Figs. 3 & 4a) . However, increasing the number of CPR samples in the estimate also improved the quality of relationships between sea surface 78 Table 4 . Correlations (lower triangular matrix) and probability after correction to account for temporal autocorrelation (upper triangular matrix) between all species assemblages and sea surface temperature in the central North Sea. TEM_S: sea surface temperature. TEM_B: sea bottom temperature. Assemblages A2 and A4 to A6 are defined fully in Tables 2 & 3) . The results found in this study are in agreement with those found by Beaugrand & Edwards (2001) . These authors concluded that at least 5 CPR samples were needed to enable reliable spatial and temporal comparisons in the diversity of calanoid copepods to be made. This result also justifies the choice of using a minimum number of 5 neighbours in the spatial interpolation of CPR data by and Beaugrand et al. (2000b) . Results may not be related to the CPR sampling but to the difficulty of sampling in the pelagic realm. It is unfortunate that such an analysis is only possible with the CPR data, which has extensively monitored the pelagic environment.
Use of species assemblage indicators to monitor responses of marine ecosystems to climate change
The use of plankton species as indicators of hydroclimatic conditions or water movements has long been stressed (e.g. Russel 1939 , Fraser 1955 , Glover 1957 . For example, the total number of copepods has often been used as a measure of zooplankton abundance (secondary production). It has been previously used by Taylor & Stephens (1980) , Hays et al. (1993) , Taylor (1995) to investigate relationships between copepods and the latitudinal position of the Gulf Stream. However, monitoring changes in the marine environment from a single species or taxonomic group may be quite arbitrary, as variable features related to factors such as aggregation or dispersal as well as mortality or survival may influence the distribution of a pelagic organism (Colebrook et al. 1961) .
The proposed tool allows the whole calanoid copepod community to be monitored. It uses the total number of species or taxa per CPR sample as an indicator of diversity. This type of indicator is very sensitive to subtle change in ecosystems. For example, it allowed the detection of both the regime shift discovered by and episodic events described by in the North Sea (Fig. 6 , see also Beaugrand & Ibañez 2002) . The shortcoming of this type of indicator is that it summarises to an extreme (one single value) the structure of an ecosystem. Thus, it may not provide enough information to understand the nature of the observed changes. This is not the case with species-assemblage indicators. The sensitivity and usefulness of species assemblage indicators in the interpretation of changes in the dynamic regime of pelagic ecosystems during episodic events and the regime shift in the North Sea are now demonstrated.
Limitations of the procedure
The proposed procedure is limited by the sampling coverage of the CPR survey. In some areas under-sampled by the programme (e.g. areas south of 50°N in the North Atlantic Ocean), it is possible that the procedure cannot give any estimation of the selected indicators. The use of the method necessitates good knowledge of the geographical distribution of the calanoid copepod species-assemblages and diversity examined in Beaugrand et al. (2000 Beaugrand et al. ( , 2002a . The tool should also be applied to individual species in order to examine and quantify which species cause the copepod assemblage or diversity to change in a selected region.
Detection of the regime shift by species assemblage indicators
Many changes in the biological composition of North Sea marine ecosystems were observed at the end of the 1980s (e.g. Lindley et al. 1990 , 1993 , Greve 1994 ). This led Reid et al. (2001) to hypothesise that a regime shift may have occurred in the North Sea. The influence of the regime shift on total calanoid copepod diversity in the central North Sea has been clearly detected in this study. The regime shift has involved a structural reorganisation of marine ecosystems in the central North Sea (Fig. 6) . The pronounced decrease in subarctic species, associated with an increase in temperate pseudooceanic species, indicate the move of the central North Sea pelagic ecosystems to a warmer dynamic equilibrium. Also, it denotes a possible link with change along the European shelf-edge as species such as C. helgolandicus (temperate pseudo-oceanic assemblage species) have their centre of spatial distribution along the European shelf edge (Beaugrand et al. 2002b ). Edwards et al. (2001 Edwards et al. ( , 2002 have recently highlighted the importance of episodic oceanographic events (cold episodic events 1978 to 1982, warm episodic events 1989 to 1991) on the marine ecology of the North Sea. The 2 episodic oceanographic events have clearly been detected in this study. The cold episodic oceanographic event involved profound modifications of the diversity and species composition of ecosystems of the central North Sea (see Fig. 6 ). It led to a rapid switch in the dynamic regime of the ecosystems, with a stepwise increase in the mean number of subarctic species associated with a reduction in the number of warm-water species.
Detection of episodic events by species-assemblage indicators
The second episodic oceanographic event from the late 1980s to the early 1990s was characterised by high salinity anomalies associated with warmer SST (Heath et al. 1991 , Becker & Dooley 1995 , Becker & Pauly 1996 , Belkin et al. 1998 ). This event also impacted North Sea ecosystems. Subarctic species decreased while warm-water pseudo-oceanic and continental shelf species increased, leading to an increase in calanoid copepod diversity.
COMMENTS AND RECOMMENDATIONS
The study illustrates the importance of providing a unifying framework to monitor the long-term changes in the dynamic regime of marine pelagic ecosystems. It has allowed detection and ecological interpretation of both episodic events and the regime shift in the North Sea. A central recommendation is that the concept of species assemblage indicators could be more widely used to monitor the dynamic regime of pelagic ecosystems. It is rich in information and sensitive. Furthermore, it may lead to a better understanding of the resilience (as defined by Holling 1973) of North Atlantic pelagic ecosystems and, thus, allow future changes to be anticipated.
This study also has important implications for research using the CPR data. Although on the one hand it demonstrates the accuracy of the CPR data, on the other it shows that the spatial and temporal heterogeneity should be carefully assessed before any interpretation of the long-term changes of CPR-derived plankton indicators. This study represents the first attempt to create a time series of any CPR-derived indicator, controlling potential bias related to the spatial and temporal heterogeneity of the CPR sampling. The procedure could be applied to assess the abundance of any taxon monitored by the CPR survey and in any region covered by the programme. The method should also be used to check the sampling intensity of the CPR survey in any region and should also be utilised to cover the North Atlantic Ocean more adequately.
